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Abstract

Natural seaweed microparticles obtained from Undaria pinnatifida waste (A) were used as fillers in thermoplastic starch
(TPS)—chitosan (CH) blend in order to obtain microcomposites films for application in sustainable agriculture. The adequate
proportion of both polymers was optimized with regards their mechanical, barrier, water interaction and morphological
properties. Then, the effect of different content of seaweed on microcomposites properties was investigated. The seaweed
used showed good interaction with the TPS—CH matrix. Its addition produced an increase in the tensile strength and a slight
increase in the elongation at break. Contents of 10% of A lead to a more heterogeneous structure with the formation of
aggregates. Low contents of A reduced the mobility of the polymer chains resulting in a lower moisture content and higher
T,, although the WVP increased with the content of A. The improvements achieved with microcomposites were finally
discussed under the light of new agricultural mulch films regulations.
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Introduction

The use of plastic mulches in various agricultural crops has
been shown to have an impact on the increase of their yields
and to produce less dependence on herbicides and pesti-
cides, as well as to contribute to a better efficiency in the
use of water, which is a promising alternative for intensive
crops in poor soils or with low humidity and organic matter
[1]. Agricultural mulches are commonly used for the inten-
sive cultivation of fruits and vegetables and are the most
economically convenient option for farmers [2]. In general,
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horticultural production without coverage is limited for cli-
matic reasons to the warmer months of the year. The species
that have high temperature requirements need to be grown
in greenhouses, even in the warmer spring—summer season.
Given that the construction of greenhouses has a high cost,
and producers must ensure that the crops are economically
profitable and biologically viable, the use of mulches usually
results in a possible alternative to achieve both objectives
[3].

At present, the polymer that is mostly used in the for-
mulation of mulches is polyethylene (PE), which is a non-
biodegradable material derived from petroleum. Therefore,
once the crop cycle has ended, it must be manually removed,
a task that is laborious, economically unfavorable and often
not performed [4].

This work proposes to develop and study the properties
of a biodegradable polymeric material based on starch and
CH for the potential manufacture of biodegradable agri-
cultural mulches. The films will be prepared by casting, a
technique that allow obtaining TPS when heating starch in
presence of water and a plasticizer [5]. Starch is a widely
available natural and economic polymer synthesized by
plants. This polymer, despite to be widely available and
economic, has some disadvantages such as high hydrophi-
licity and poor mechanical properties associated with their
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brittleness [6]. A strategy commonly used to improve the
properties of starch is the formation of mixtures or blends
with other polymers [7, 8]. For example, previous studies
have reported that mixing TPS with CH produces improve-
ments in the mechanical properties of starch films, while
providing antibacterial activity [9].

CH is a linear polysaccharide constituted to a greater
extent of units of p-1,4-p-glucosamine and to a lesser
extent of N-acetyl-D-glucosamine. It is obtained from chi-
tin, which is obtained mainly from residues from marine
foods such as shells of crabs and prawns. Its annual pro-
duction exceeds 10 x 10!! tons, of which 2000 tons of CH
are obtained annually, with chitin being the second most
abundant renewable polymer in the world [10]. Addition-
ally, it has been reported in the literature that this poly-
mer has important applications in agriculture. It acts as
an inducer of the defense response against biotic stress in
plants [11-13] and has antimicrobial [14—16] and biostim-
ulant properties [17-19].

The mentioned materials were used in the formulation
of microcomposites with a bioactive material such as the
microparticles of the seaweed Undaria pinnatifida (A),
which is expected to add value to the biodegradable ther-
moplastic film by generating new functionalities. Undaria
pinnatifida is a species of seaweed with important proper-
ties in agriculture, among which its ability to induce the
defense response in plants and stimulate its growth stand
out [20, 21].

Seaweed represents a wide and economical source of
potential fillers for the preparation of polymeric com-
pounds, however, the work that can be found in litera-
ture to know the properties of this type of materials is
very scarce [22, 23]. Some authors have used them for
the preparation of microcomposites films with polylactic
acid (PLA) [22], polyvinyl alcohol (PVA) [23], soy protein
[24], polybutylene adipate terephthalate (PBAT) [25] and
with the starch-agar blend [26].

In this work we report the synthesis and characteriza-
tion of corn starch-chitosan microcomposites obtained
with seaweed microparticles. Initially, the selection of the
appropriate TPS/CH ratio was made for the formulation
of microcomposite thermoplastic films with A. Then, the
effect of different contents of A on the properties of these
films was reported and analyzed and their potential appli-
cation as agricultural mulches was discussed.

It is hypothesized that the mixture of starch with CH
can produce improvements on the mechanical properties
of the starch, that the addition of algae can have positive
impacts in terms of mechanical and barrier properties of
microcomposites and that these can contribute to increase
the opacity and to reduce the transmissivity coefficient of
photosynthetically active radiation (PAR).

Materials and Methods
Materials

Corn starch and glycerol were purchased from Dos Herma-
nos distribuidora (Mar del Plata, Argentina) and Quimica
DEM (Mar del Plata, Argentina), respectively. Corn starch
characterization yielded a molecular weight higher than
2000 kDa determined by gel permeation chromatography
(GPC) in a high resolution liquid chromatography system
(GPC-HPLC). In addition, a percentage of 19% of amylose
content was determined by using the method reported by
Stawski [27]. CH and acetic acid (HAc) were from Dro-
gueria Saporiti (Buenos Aires, Argentina) and BioPack
(Buenos Aires, Argentina), respectively. CH characteri-
zation indicated a molecular weight of 535 kDa deter-
mined using the method reported by De la paz et al. [28]
and a deacetylation degree higher than 90% obtained by
NMR [29]. Seaweed microparticles were obtained from
Soriano S.A. (Chubut, Argentina). The cell wall of these
algae is composed mainly of the polysaccharides fucoi-
dane, sodium alginate, laminarin and its derivatives and
represent between 10 and 20% (w/w). The protein content
is generally between 6 and 13% (w/w), while the lipid
content is relatively lower, between 0.57 and 3.5% (w/w)
[30]. Britt and Kangas [31] have reported a mineral con-
tent of between 60 and 80% dry weight of these algae.
The characterization of the mineralogical composition of
the alga used indicates a high prevalence of potassium,
phosphorus, sodium, calcium and magnesium with a lesser
content of iron, copper, zinc and iodine. The particle size
of the alga was determined using a series of sieves (Zony-
test, Buenos Aires, Argentina) with meshes of 500, 250,
105 and 74 pm. The results indicated that the 79% of them
were in the range of 74 and 250 um, 18% under 74 um and
the rest in between 250 and 500 um.

Blends Preparation and Selection of TPS/CH Ratio

CH solution (1% w/v) was prepared in HAc (1% v/v) by
stirring at 60 °C until complete dissolution. Simultane-
ously, a corn starch solution (1% w/v) was prepared in
distilled water together with glycerol as plasticizer (30%
w/w). To assure starch complete gelatinization, the mix-
ture was heated at 90 °C and homogenized with a digi-
tal Ultra Turrax (IKA, model T25) at 10,000 rpm dur-
ing 30 min. Once both solutions were prepared they were
mixed at adequate proportions in order to obtain 100%
thermoplastic chitosan (CH), 25% thermoplastic starch
(75%CH), 50% thermoplastic starch (50%CH), 75% ther-
moplastic starch (25%CH) and 100% thermoplastic starch
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(TPS). The homogenization was prolonged 15 min more
and the final blends were placed in a refrigerator overnight
in order to eliminate air bubbles. Then, the film-forming
solutions were poured into Teflon-covered plates and dried
in an oven at 45 °C during 48 h. Films were finally peeled
off and conditioned as reported below.

Films were characterized in order to select the appropriate
formulation for the preparation of microcomposites. For that
mechanical, water barrier, water interaction and morphologi-
cal properties were evaluated as described below.

Microcomposites Preparation

The microcomposite materials were obtained by incorporat-
ing A in 0.5, 1, 2 and 10% (w/w) to the formulation of the
film with the best properties, 7SCH. The procedure used
was similar to the one reported in “Blends preparation and
selection of TPS/CH ratio” section. A 1% (w/v) CH solution
in 1% HAc (v/v) was prepared and mixed with a 1% (w/v)
corn starch solution together with 30% (w/w) of glycerol.
The mixture was maintained at 10,000 rpm with a homog-
enizer for 30 min. Next, A was added and homogenization
was maintained for an additional 30 min. These materials
were designated 7SCH+0.5A, 75CH+ 1A, 75CH + 2A and
75CH+ 10A.

Conditioning

All samples were conditioned during 1 week before char-
acterization. For that, films were stored in a chamber at
constant relative humidity of 60% and temperature of
20 °C+2 °C. Chamber relative humidity was achieved with
a solution of water—glycerin.

Characterization
Film Thickness

The films thickness was measured at five points with a digi-
tal micrometer (Rokoo, 0-25 mm, 0.001 mm resolution) and
averaged to be used in WVP and tensile tests.

Scanning Electron Microscopy (SEM)

The microstructural analysis of the cross-section of blends
and microcomposites was carried out in a Field emission
scanning electron microscope (FE-SEM) Ultra 55, Zeiss.
Film samples were prepared by cryofracture by submerging
in liquid air. Then, they were fixed to glass stubs with silicon
and finally covered with a thin layer of gold.

@ Springer

Fourier Transform Infrared Spectroscopy (FTIR)

FTIR of films were measured using an attenuated refrac-
tion (ATR) accessory in an IR spectrometer (PerkinElmer
spectrum 100). The films were grid onto the diamond sur-
face of the ATR accessory and the spectra were recorded
in the range of 4000 to 600 cm™' at a 4 cm™! resolution
and 32 consecutive scans were averaged.

Thermogravimetric Analysis (TGA)

A Thermogravimetric analyzer (TA Q500 HI-Res™) was
used in order to determine the thermal stability and tem-
peratures of thermal degradation events under air flow
(50 ml/min). Samples were heated from 30 to 900 °C at
10 °C/min. Nearly 20 mg of each sample was used in each
test. Initial and final temperatures and the maximum of
each event together with the mass loss were obtained from
the first derivative of the residual mass (%) vs. temperature
(°C) curves (DTGA curves).

Differential Scanning Calorimetry (DSC)

DSC analysis was performed in a TA Q2000 differential
scanning calorimeter with a cooling system under nitrogen
flow (50 ml/min). All samples were in the range of 3—6 mg
and once weighted they were placed in aluminum pans
and sealed. The applied cycle consisted in heating samples
from — 90 to 200 °C at a heating rate of 10 °C/min. Curves
obtained were utilized for glass transition temperature (T,)
determination.

Moisture Content (MC)

The moisture content of the films was determined gravi-
metrically after each sample was dried at 100 °C for 24 h.
The MC (%) was then calculated by using the following
Eq. (1):

m; — my

MC(%) =

x100% 1)

L

where m; and m; are the initial and final mass of each sample
respectively. The assay was performed in triplicate and the
results were informed as average + standard deviation (SD).

Water Solubility (WS)

The films water solubility was evaluated by submerging
approximately 0.5 g of previously dried at 100 °C during
24 h sample into 30 ml of distilled water. The recipients
were kept overnight and then the films were recovered
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and dried again at 100 °C during 24 h for measuring their
final mass. Water solubility was calculated following the
equation (2):

(m; — my)

1

WS(%) = x 100% )

where m; and m, are the initial and final mass of the film
respectively.

Moisture Absorption at Equilibrium (MAeq)

Samples of 1 cm* were cut out and dried in an oven at 40 °C
for 48 h. Then, their initial weight was recorded and placed
in controlled humidity containers. The moisture absorption
of the films was studied at room temperature (20 °C) and
90% RH. The mass of each sample was recorded regularly
for 2 weeks. The moisture absorption (MA) was determined
using Eq. (3):

m, —my
MA(%) = —— x 100% 3)
My
where m, is the mass of the sample at time of exposure t and
my is the initial mass of the dry sample. The results were
expressed as the AH, (%) £ SD, being AH, (%), the reg-
istered moisture absorption once equilibrium was reached.
The tests were carried out in triplicate.

Water Vapor Permeability (WVP)

The water vapor permeability assay was performed as indi-
cated in the standard ASTM E96-00el [32]. Previously
dried calcium chloride was placed in the permeability cups
(4.9 cm diameter and 1.8 X 107> m? exposed area) in order
to make a 0% RH inside the capsule. Sealed capsules with
the films tested were weighted and then placed in a chamber
at constant 60% relative humidity and 20 °C. The capsules
were weighted every hour during the first 8 h using an ana-
lytical balance and then once per day. To calculate the water
vapor transmission rate (WVTR) a plot of weight gained (g)
as function of time (h) was performed. Their slope in the
steady state was taken as WVTR and used in the following
equation (4) in order to obtain de WVP:

WVTR x 1
AX AP

WVP = “
where [ is the average thickness of each film in m, A is
the exposed area in m”> and AP is the pressure difference
between the one bellow the film and that of above it in Pa.
Each sample was analyzed by triplicate and the results are
expressed as mean + SD.

Mechanical Properties

Mechanical properties by means of tensile tests were measured
in a universal test machine INSTRON EMIC23-50 as indicated
in ASTM D882-02 standard. The crosshead speed was set at
2.5 mm/min, the load cell was 50 N and the distance between
film-grips was 3.5 cm. Stress—strain curves were obtained
and from there, the elastic modulus (E), the maximum tensile
strength (o) and the elongation at break (g,,) were calculated.
Ten replicates were analyzed by sample at room temperature
and the results were expressed as mean + SD.

Transparency (T)

The transmittance of the films developed was measured using
an Agilent 8453 spectrophotometer in the wavelength range
from 290 to 1100 nm. For this, the samples were cut into rec-
tangular pieces of 4 cm X 2 cm, their thickness was measured
in five points and they were stuck to the measuring cell with
adhesive tape. Once the spectra were obtained, the transpar-
ency was calculated using Eq. (5) [33].

—logT
T= g 1600 (5)
l
where T is the transparency, Ty, is the transmittance at
600 nm and / is the average thickness of the film in mm.

Radiometric Properties

The direct transmissivity in the PAR range (zp,z) was meas-
ured using an Agilent 8453 spectrophotometer. The coeffi-
cients were obtained using the following equation (6):

A=700nm
=d00nm S 1A AT(4)

TPAR = A=700mm ©)
i=400mm S A4

where S, is the spectral distribution of the sun at the wave-
length A [34], AA, is the wavelength range equal to 50 nm
and t (M), is the spectral transmittance at the wavelength A.

Statistical Analysis
The statistical analysis of experimental results was performed
through one-way analysis of variance (ANOVA) using Tuk-

ey’s multiple comparison test with a 95% level of confidence
(p<0.05) in order to analyze significant differences.
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Results

Selection of the Appropriate TPS/CH Ratio
for the Preparation of Microcomposites

Figure 1 presents the results of the mechanical properties of
the materials studied.

Clearly, the incorporation of CH to the starch matrix in
a percentage of 25% produced a plasticizing effect. There
was a marked decrease in the E and an increase in the g,
with the addition of CH in the mixture. These results are in
accordance with those described by Luchese et al. [35] and
Pelissari et al. [36] who observed the plasticizing effect
by incorporating 14% (w/w) and 5% (w/w) CH to starch,
respectively. Such behavior can be attributed to the fact
that hydrogen bond interactions between starch molecules

@ Springer

are interrupted by the presence of CH molecules. There-
fore, the decrease between the intermolecular starch
forces would produce a decrease in the 6., of the material
[37, 38]. A plasticizer reduces intermolecular forces and
increases the separation between molecules making the
structure less dense [39].

On the other hand, increases in the CH content pro-
duced an increase on the E and the 6, of the material and
a consequent decrease in the g,. This behavior was previ-
ously observed by other authors [40-42]. Bourtoom and
Chinnan [40] explained that increasing the percentage of
CH in the mixture increases the number of NH;* groups
and therefore new hydrogen bonding interactions are gen-
erated between the hydroxyl groups of the starch resulting
in a more rigid polymer network [40]. Thus, CH acts as a
reinforcing agent in the structure of starch [41].
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In our work, no significant differences in the o, of the
samples with 0, 25 and 50% of CH were observed being
the increase on the strength significant in the sample 75CH.

Regarding the interaction of the developed materials with
the water, it was found that the MC (Fig. 2) increased with
the CH content. This behavior has been previously explained
by other authors who argue that CH being more hydrophilic
than starch, by the presence of NH;* groups, tends to retain
more water molecules in its structure [38, 40].

In general, no significant differences were found
(p<0.05) in WS (Fig. 2B) for blends and in all cases their
value was less than 30%. The material dissolved in water was
most likely the plasticizer glycerol [37, 39]. Additionally, no
ruptures or fragmentations were observed after the test, so
that the polymer network seems to remain intact and only
low molecular weight substances could have been released
[40]. The results obtained were similar to those reported by
Bourtoom [37] for mixtures of TPS/CH 1:1 and glycerol
contents between 20 and 60% (w/w).

Regarding the MA, (Fig. 2C), both the TPS and the CH
showed no significant differences while the mixtures showed
slightly higher values (greater than 60%), which could be

related to the greater availability of protonated amino groups
and the presence of a more open structure and with greater
availability of polar groups to interact with water molecules.
It was experimentally observed that the films exhibiting low
CH contents arched in the environment in which the experi-
ment was carried out. This can be explained by considering
that the network of the CH polymer is more rigid than that
of TPS since the latter is more flexible because of the pres-
ence of branched molecules of amylopectin, which results
in a structure less dense than that of the CH, constituted by
polycationic and linear molecules [42]. It was also observed
that the starch films were completely colorless, while those
of CH were light yellow; and that as the CH content in the
starch mixtures increased, the films became more yellow-
ish. This coloration can be attributed to the formation of
products of the Maillard reaction, commonly referred to the
reaction between sugars and proteins, in this case, compris-
ing the amino groups of the CH polymer [42].

The WVP of the mixtures was evaluated at a vapor pres-
sure difference across the film of 0/60% RH. Figure 2D
shows that the WVP decreased with the increase in the
CH content in the mixture. This tendency can be explained
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by considering the changes suffered by the network of
the base polymer when adding another substance in its
structure [37]. The improvement in the barrier properties
of starch, by incorporating CH molecules in its structure
can be also attributed to the increase in the interactions
between these two polymers [38]. The values obtained
were between 1.2 and 2.5 x 1072 g/s m Pa and were much
lower than those reported by Ren et al. [38] between 1.2
and 3 x 107'° g/s m Pa for TPS/CH mixtures with up to
80% of the latter (test carried out with a humidity gradient
of 0/95% RH) and by Zhong et al. [43] for 50% TPS/CH
mixtures with values of 45 x 107!° g/s m Pa (test carried
out with a humidity gradient of 0/75% RH). However, they
are similar to those obtained by Dang and Yoksan [44] for
starch films with CH contents of less than 2% (between 3
and 4 x 107'2 g/s m Pa), measured with a humidity gradi-
ent of 0/50% RH. These authors explain that these effects
may be due to the presence of acetyl groups in the CH or
to the hydrogen bridge interaction between their polymer

Fig.3 SEM micrographs for a
TPS, b CH, ¢ 25CH, d 50CH
and e 75CH

@ Springer

chains and those of the TPS that could reduce the number
of free OH™ to interact with the water molecules.

Figure 3 shows the micrographs of the SEM cryofracture
zone obtained in the FE-SEM.

It was observed that TPS presented a fracture surface
with microcracks or cracks, which is directly related to the
intrinsic fragility of this material [45] and justifies its initial
behavior in the test of mechanical properties (Fig. 1). CH
presented a surface with striations. The mixtures with CH
presented in all cases a smooth and homogeneous surface.
The presence of different phases or granules of starch was
not observed. Therefore, it is considered that gelatinization
was complete [45] and that both polymers (starch and CH)
are highly compatible [9]. Similar results, regarding the
appearance of the samples and compatibility between the
polymers, were previously described by Bonilla et al. [9],
Ren et al. [38] and Lozano-Navarro et al. [46].

Based on the observations mentioned above, the sam-
ple 75CH was selected as a matrix for the preparation of
microcomposites with A. In particular, 75CH showed

e
10 um
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improvements in ¢, with respect to pure starch and a rea-
sonable value of g, (60%) (Fig. 1). Regarding its relationship
with water, it exhibited a high MAeq and MC, although in
general the difference with the other mixtures was very small
(Fig. 2). However, it should be noted that it maintained its
shape in environments conditioned at 90% RH and showed
very good barrier properties against water vapor (Fig. 2).

Effect of the Incorporation of A Microparticles

Once the microcomposites were obtained, they were ana-
lyzed by using FTIR in order to study the chemical interac-
tions between the constituent polymers of the mixture and
the natural filler added in different proportions. Figure 4A
presents the infrared absorption spectra of (a) TPS, (b) CH
and (c) 75CH.

Both the CH and the TPS presented the typical bands
associated with the presence of their O—H groups:
3295 cm™! for starch and 3245 cm™! for O-H together with
N-H for CH [38]. The starch presented a stretching band at
1650 cm™! due to the presence of water adsorbed and the
CH presented two bands, at 1547 and 1640 cm™!, associated
with the bending of the N-H (amide II) bond and the stretch-
ing of C=0 (amide 1), respectively [38, 40]. The stretch-
ing band at 1152 cm™! for TPS is associated with the C—O
stretch in C—O—H and the band at 1002 cm™" is attributed to

the stretching of C—O in C—O—C [38] while for CH, similar
bands were observed showing the structural similarity that
present both polysaccharides.

The 75CH mixture had mainly the same bands as the CH
and shifts were observed at the position of several absorption
bands, which indicates that there was interaction with the
starch [38]. Particularly, the absorption band due to the O—H
stretching appears at 3276 cm™! for the 75CH sample, adopt-
ing an intermediate value to that presented by the TPS and
the CH. Additionally, the band that appears at 1547 cm™!
in CH runs at 1554 cm™' for 75CH, indicating the pres-
ence of hydrogen bond interactions between the hydroxyl
groups of the starch and the protonated amino of the CH.
Bourtoom and Chinnan [40] and Ren et al. [38] have found
similar results that are in agreement with those obtained in
the WVP, SEM and mechanical properties presented above.

Figure 4B shows infrared absorption spectra for micro-
composites with A. Curve (a) corresponds to the absorp-
tion spectrum of the alga used as filler. According to
Gomez-Ordofiez and Raperez [47], brown algae are con-
stituted mainly of sodium alginate (Alg) polysaccharide,
since it is part of the cell wall and the intercellular spaces
in some of these species of brown seaweed. In this way,
it is expected that the main bands of this polymer appear
in the infrared spectrum. Absorption bands were found at
3259 and 3197 cm™', attributed to the stretching vibration

3294 cm’”
2929 cm’
2887 cm”
1550 cm”
1410 ¢m”
1042 cm’

Absorbance (a.u.)
Absorbance (a.u.)

/L

! II N ! : |
3000 2000 1000

4000

Wavenumber (cm")

4000

3000 2000 1000

Wavenumber (cm”)

Fig.4 FTIR of Aa TPS, b CH and ¢ 75CH. B a A, b 75CH, ¢ 75CH+0.5A, d 75CH+1.0A, e 7SCH 4 2A and f 75CH + 10A
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of the O-H group present in polysaccharides and N-H of
their proteins, bands at 2917 and 2848 cm™!, related to the
stretching of C—H groups, 1730 and 1610 cm™, related to
the frequency of stretching of C=0 in COOH and COO™,
respectively, which indicates the presence of alginic acid and
Alg in the structure according to that reported by Gémez-
Ordofiez and Ruperez [47]; 1455 cm™!, to the deformation
C-0 in C-O-H with contribution of the symmetric stretch-
ing band of O—C-O of the carboxylate group. The bands at
1083 and 1022 cm™! are attributed to the stretching vibra-
tions of C-O and C-C of the pyranose ring. Finally, in the
950750 cm™! region are the three main bands of absorption
of Alg: 930 cm™!, associated with the stretching of C-O
guluronic residues; 874 cm™!, to the deformation C1-H of
the mannuronic residues and; at 817 cm™!, characteristic
of the manuronic groups [47]. In this way, Alg is the main
polysaccharide found in the seaweed studied, despite the
small band at 1730 cm™! of the alginic acid found in a lesser
proportion. This alga also presented a band at 1246 cm™"

commonly attributed to the presence of sulphate groups
(S=0) characteristic of other sulfated polysaccharides also
present in them [47].

The following curves (c—f) show the absorption spectra
of microcomposites with different contents of A. It was
found that the addition of A did not considerably affect the
infrared absorption spectra and given that the alga is consti-
tuted mainly by the Alg polymer, its main absorption bands
appear in the absorption zone of other polysaccharides, such
as starch and CH and therefore its presence could not be
observed [47]. Additionally, there were no changes in the
position of the bands, perhaps due to the low percentages of
alga used. Similar results were reported by Jumaidin et al.
[26], for starch/agar microcomposites with the red algae
FEucheuma cottonii, who observed shifts in the O—H bands
only for A contents greater than 10%.

The effect of different contents of A on the thermal sta-
bility of the 75CH matrix was studied by TGA (Curves are
included as supplementary material). Table 1 summarizes

Table 1 Main thermal

. Muestra inicio Tpn Tnax Am T, T,y TpAR
degradation temperatures [£00]C0)  [+011C0)  [£01]¢C)  [£002](H) (O (O B
and associated mass losses
for TPS, CH, 75CH and their TPS 30.0 95.0 52.0 4.4 -784 -
microcomposites with A 95.0 230.0 1586 215

230.0 395.2 314.2 51.5
395.2 543.9 478.3 22.1
CH 30.0 105.3 78.5 8.2 —49.9 57.3
105.3 232.2 166.6 26.9
232.2 418.9 274.4 32.0
418.9 643.1 602.1 32.2
75CH 30.0 101.5 72.4 7.3 —543 492 38.3
101.5 227.3 156.5 25.5
227.3 414.8 275.4 35.6
414.8 620.6 568.5 31.1
75CH+0.5A 30.0 109.3 78.6 7.4 - 635 - 30.6
109.3 228.2 178.0 239
228.2 410.6 275.3 36.2
410.6 664.7 545.8 30.6
75CH+ 1A 30.0 134.0 105.3 10.4 - 682 - 29.7
134.0 240.5 199.5 21.3
240.5 414.8 289.8 37.2
414.8 785.7 547.0 29.7
75CH+2A 30.0 136.1 107.2 94 —554 533 29.9
136.1 238.4 193.4 18.7
238.4 4159 281.5 40.3
415.8 773.4 558.1 30.9
75CH+ 10A 30 115.5 90.9 8.9 —-60.6 50.1 3.7
115.5 233.4 183.2 25.5
233.4 410.6 281.5 34.5
410.6 639.0 542.7 15.9
639.0 816.0 787.8 14.1
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the main mass and temperature losses of each degradation
event.

The obtained information suggests that all samples
have four stages of mass loss, the first two being lower
than 200 °C attributed to the loss of weakly absorbed
water and structural water together with other volatile
compounds such as residues of acetic acid and glycerol
(boiling temperature approximately 182 °C), respectively
[24, 26, 45]. The temperatures at which both degradation
events occur were greater for CH than for TPS, suggest-
ing that CH retains the water and glycerol molecules more
strongly than TPS. The same has been observed previously
by Merino et al. [48] and was previously mentioned when
analyzing the behavior of the different TPS/CH mixtures
in a humid environment. In fact, as explained by Debandi
et al. [49], CH produces films where their linear mole-
cules are oriented in layers and when there is the presence
of glycerol, it is arranged between the polymer chains,
increasing their separation and interacting strongly with
hydrogen bonds with their amino groups. Then, the plas-
ticizer molecules are grouped together by the formation
of hydrogen bonds, thus favoring the absorption of water
molecules [49].

The third event is attributable to the thermal and oxidative
degradation of the polymers present in each sample [46].
Regarding the degradation temperatures, it was observed
that TPS presented a greater thermal stability (314 °C) than
CH (274.4 °C) and 75CH (275.4 °C). These values are simi-
lar to those previously reported by other authors [9, 45].

Regarding the 75CH blend, an intermediate thermal sta-
bility between that of CH and that of TPS would be sug-
gesting a good compatibility between the involved polymers
given the presence of strong intermolecular interactions, as
indicated by the analysis of the infrared spectra and has been
previously suggested by Mathew et al. [42].

Finally, the TPS sample presented a last peak of degrada-
tion associated with the oxidative degradation of the carbo-
naceous residue of the previous step at 478.3 °C and with
a mass loss of 22.1%, whereas CH presented this stage at a
higher temperature and with a mass loss superior (602.1 °C
and 32.2%) [50, 51]. The mixture 75CH, on the other hand,
showed again an intermediate behavior closer to that of the
CH.

The thermogravimetric analysis of A presented peaks
of degradation with maximums at 47, 250, 278, 346, 770
and 876 °C. As reported by Bulota and Budtova [22], the
first mass loss occurs for all algae at around 60 °C and is
associated with the degradation of chlorophyll together with
the evaporation of water [22]. The following degradation
temperatures are attributed to the degradation of polysac-
charides and other biomolecules: proteins, lipids, phenolic
compounds and terpenoids, among others [30, 52], while
the events that occur at higher temperatures are attributed

to the presence of inorganic matter due to the high contents
of salts and impurities that the algal biomass possesses [22].

With regard to the microcomposites, again at least four
events of mass loss were found, with curves very similar to
that of the 75CH blend. The first two events are attributed to
the loss of water slightly adsorbed (below 100 °C) and struc-
turally (below 200 °C), together with the volatilization of the
plasticizer and some compounds present in the algae [26]. In
all cases it was observed that the mass loss in that tempera-
ture range (30-230 °C) by the samples with A was higher in
comparison with the matrix, 75CH, which indicates that part
of the algal biomass degrades at these temperatures [22, 53].

The position of the third degradation peak observed in
all TGA curves increased with the content of A, suggest-
ing an increase in thermal stability of the composites. A
degrades over a wide range of temperatures with maximum
degradation at 250, 278 and 346 °C, so an increase in the
percentage of mass loss of that stage was observed since
part of the algal biomass also degrades in that range of
temperatures. As mentioned above, this type of algae has a
high content of Alg and according to what was described by
Soares et al. [53], this polymer degrades approximately 50%
before 500 °C. The fourth stage of degradation represents a
loss of mass close to 30% in all cases, except in the sample
75CH + 10A which presented an additional peak centered at
787.8 °C and representing a 15.8% loss of mass. This peak
can be attributed to the formation of Na,CO; as a residue
of the thermal and oxidative degradation of Alg that begins
at 500 °C and extends beyond 700 °C, according to Soares
et al. [53] and/or to the presence of other inorganic salts [22].
Authors such as Jumaidin et al. [26] have also observed the
appearance of a new peak of degradation at high tempera-
tures and have attributed it to the decomposition of carbon-
ates present in the alga [26].

Table 1 also incorporates the T, values obtained from
the DSC curves (see supplementary material) for TPS, CH,
75CH and their microcomposites with A. The TPS film
presented a unique glass transition temperature close to
— 78 °C, indicating good plasticization by glycerol [42].
The CH film, however, presented two transitions. Epure
et al. [54], studied the CH-25% glycerol system by DMA
and found two B-type relaxations and a-type relaxation, the
latter being attributed to the T, of the material (46 °C with
33% RH). B-relaxations were attributed to chain movements
due to the presence of glycerol and water, respectively [54]
and could be related here to the first observed transition.
On the other hand, Bof et al. [55], who studied the effect of
the molecular weight of CH in 50% mixtures with starch,
found, when analyzing their samples by DMA, that CH films
presented two relaxations,  and «a, the first of them below
-15 °C and the second between 30 and 80 °C, depending on
the molecular weight of the CH analyzed. These authors
attributed the transition below room temperature to local
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movements of the lateral groups of the CH chain; while the
second transition was associated with the glass transition
temperature [55], these values being consistent with those
found in this work.

In the 75CH sample, the plasticizing effect of the starch
addition to a CH matrix was observed (higher proportion
in the mixture) since the T, runs towards lower tempera-
tures [5]. In other words, if we consider that 25% of starch
is incorporated into a CH matrix, a plasticizing effect is
clearly observed in the latter. Chemically, the starch chains
begin to interact with those of CH through the formation of
hydrogen bonds, as previously seen by FTIR, reducing the
number of CH-CH interactions and generating a more open
structure, where the polymer chains have an greater mobil-
ity and therefore a lower T,. Similar results were previously
reported by other authors [55].
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Regarding the microcomposites, in all cases, an inflection
was observed in the curve below — 50 °C and in some cases,
a second inflection was observed around 50 °C. The first one
was related to the previously mentioned p relaxation and
the second, relaxation o, with the Tg of the microcomposite.
With the addition of A, a slight increase in the Tg of the
75CH matrix was observed, which suggests the presence of
strong interactions by hydrogen bonds between the filler and
the matrix, which restrict the molecular movements of the
CH and the starch present in it [56, 57]. The absence of T, in
the microcomposites with 0.5 and 1% of A could be due to
this same restriction in the molecular movement caused by
the interaction with the filler [58]. Finally, a slight decrease
in T, by considerably increasing the content of A (10% A)
could be due to the decrease in the number of interactions
with the polymer given the formation of aggregates [56].
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Fig.5 Interaction of the microcomposites with water. a MC (%), b WS (%), ¢ MA, (%) and d WVP (g/s m Pa) depending on the increasing
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Figure 5 shows the results of the interaction of the materi-
als with the water.

Figure 5a shows that microcomposites with low A content
(0.5, 1 and 2%) had a lower MC than 75CH, while no signifi-
cant differences were found between 75CH and 75CH + 10A.
Similar results were previously reported by Jumaidin et al.
[59] who found that the MC of starch/agar samples with
aggregates of red algae showed a decrease of 1.5% in the
MC from O to 40% of A. The authors explain that although
the algae have a hydrophilic character, this may be reducing
the mobility of the polymer chains, which would result in a
lower MC [59]. The same tendencies were observed in the
previously discussed DSC results.

The WS of the samples (Fig. 5b) was also not affected by
the addition of A (p <0.05), which suggests a good interac-
tion between the components [59]. Jumaidin et al. [59] have
reported an increase in WS of their microcomposites with
higher aggregates of A justifying this result due to the swell-
ing action of the algae that favors the disintegration of the
polymer matrix [59].

It has been observed that the changes introduced in the
structure by the addition of up to 10% of A have not pro-
duced significant differences in the MA_ of the materials
developed (p <0.05), probably due to the fact that the incor-
porated contents of A are not sufficiently large enough to
show an appreciable difference since these interact with the
polymer matrix (Fig. 5¢). Jumaidin et al. [59], worked with
starch/agar micro-compounds and red seaweed of the species
Eucheuma cottonii and reported a small difference in the
MA for the sample with 10% of A and that this difference

Fig.6 SEM micrographs of a A
75CH, b A, ¢ 75CH+0.5A and
d 75CH+10A

increased from 23.2 to 25.2% when going from 0 to 40% of
A. These authors justify the observed behavior when consid-
ering the hydrophilic nature of the algae that facilitates the
diffusion of water molecules in the material [59].

The contents of seaweed microparticles used in this work
were notably lower than those of the mentioned work. How-
ever, it was clearly observed that the WVP increased with
the content of A present (Fig. 5d). Although no significant
differences were found between the samples with 0.5, 1 and
2% of A, it was found that, for the sample 75CH + 10%A, the
permeability increased considerably. Increases in the WVP
may be related to a lower association between molecules
that facilitates the penetration of water molecules within the
structure [59, 60], which is in accordance with the results
obtained from the thermal characterization of the materials
(TGA and DSC).

The microstructure of the films is determined by the
spatial organization of the constituent polymer chains and
by the way in which they interact. This analysis allows to
obtain a better interpretation of the physical properties of
the developed films [61]. Thus, the transverse surface of the
microcomposites, obtained by fracture after immersion in
liquid air, was studied by SEM. The obtained micrographs
are shown in Fig. 6.

The 75CH mixture (Fig. 6a) presented a smooth and
homogeneous fracture surface, which indicates that there
is good compatibility between both polymers, as has been
previously observed by other authors [61]. On the other
hand, the alga used as filler presented a scaly morphol-
ogy, with irregular edges and shapes of different sizes
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(Fig. 6b). Similar morphologies were previously described
by Bulota and Budtova [22]. The micrograph obtained for
75CH+0.5A (Fig. 6¢), similar to those obtained with other
contents of A, shows the presence of reliefs attributed to the
presence of A particles of different sizes, with the highest
observed of approximately 200 pum completely integrated
in the polymer matrix. The cryofracture zone, on the other
hand, presented a fragile fracture surface with striations.

The mechanical properties of 75CH and the effect pro-
duced by the addition of different contents of A are pre-
sented in Fig. 7.

It can be seen that E of all the microcomposites remained
similar to that of 75SCH, without showing significant differ-
ences between the different contents of A. In general, 6,
increased significantly for all microcomposites, although
this increase was less significant with the increase in the
percentage of incorporated algae, mainly for the sample

@ Springer

75CH + 10A, which suggests again that there is a good
interaction between the filler and the matrix [52] and that at
high contents of A discontinuities could appear [26]. Similar
results were found for the formation of PVA/Ulva armori-
cana microcomposites [23] and starch/agar/Eucheuma cot-
tonii [26]. The authors explain that these improvements in
mechanical properties are due to the combination of materi-
als that are chemically compatible, that is, there is a good
adhesion of the polar A particles with the polar polymer
matrix. On the contrary, when different species of algae were
added in more hydrophobic matrices such as PLA, PCL,
PHB and Mater-Bi, a decrease in the resistance of these
materials has been reported [22, 62, 63].

The addition of low contents of A produced an increase
in ;. However, no significant differences were observed
between the materials 75CH+0.5A, 1A and 2A. That is,
A could be added up to 2% without altering the g, of that
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Fig.8 Interaction of materials 60
with light. A Transmittance
spectra of UV-Vis radiation
for a 75CH, b 75CH+0.5A, ¢
75CH+1A,d 75CH+2A and e
75CH+ 10A and, B T (1/mm)
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materials. When the aggregate of A was 10% there was a
significant decrease in the €, which may be due to the pres-
ence of discontinuities caused by the agglomeration of these
filler particles. When there are high contents of A, their par-
ticles act as discontinuities in the matrix and then produce a
decrease in 6,, and g, [45] which is related with the observa-
tion on SEM images (Fig. 6).

Figure 8A shows the transmittance spectra of the UV—Vis
radiation of the developed materials.

It was observed, in all cases, that it increases with the
wavelength of the incident radiation, particularly from
400 nm, reaching a maximum of 50% transmittance for the
75CH sample. Compounds with A presented transmittance
values lower than 40% in all cases. Figure 8B shows the
results of T obtained when considering the thickness of the
materials. These results suggest that the addition of amounts
less than 2% of A produces more transparent films, probably
due to the formation of a more open structure obtained as a
consequence of the new interactions CH-A and TPS-A [61].
This hypothesis is in line with the results of Kadam et al.
[64] or bovine gelatin films with algae extract Ascophyllum
nosodum. Similar results were also reported by Bonilla et al.
[9] for TPS-20%CH films with incorporation of different
antioxidants as fillers. Subsequent increases in the content
of A increase the opacity of the films. This behavior can be
attributed to a greater dispersion of light due to the pres-
ence of a large number of particles of A, since these have
dimensions much higher than those of the wavelength of the
incident radiation [45, 65]. The results of the calculation of

I » I % I = I
1

Sample

the coefficient of direct transmissivity of the materials in the
PAR region are included in Table 1. It was found that sample
75CH presented the highest coefficient and that it decreased
with the progressive increase in the A content.

Discussion

The results obtained from the characterization of TPS/
CH + A microcomposites allow to carry out a discussion
about the possible application of them in agriculture. In
particular, the recent European norm EN 17033 provides
information on the main requirements and test methods
that biodegradable polymer films must meet to be applied
as agricultural mulches. Among them, are the require-
ments for the mechanical and radiometric properties of
these materials. The mechanical properties of the agricul-
tural mulches must be sufficient to allow their mechanical
placement maintaining their integrity to prevent ruptures.
Therefore, it is proposed that they should have a o in
the direction of the machine direction (MD) and in the
transverse direction (TD), greater than 16 MPa (MD) and
9 MPa (TD), while the g, should be of 150% (MD) and
300% (TD). In addition, the radiometric properties are
important because it can give us information about the
effectiveness of the mulches to prevent the weeds growth.
It is stated that the coefficient of direct transmissivity in
the PAR region (wavelengths between 400 and 700 nm)
must be under 3% [66]. A strategy to further reduce the
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coefficient of transmissivity could include the addition of
inorganic fillers, such as calcium carbonate or talc, which
could allow obtaining opaque films that retain radiation of
large wavelengths and prevent the growth of weeds [67,
68].

Although the developed materials have presented some
improvements in mechanical properties with regard starch
films, they were not enough to reach the requirements sug-
gested for that application. However, its usefulness in other
fields of research is not ruled out. For example, could be
evaluated their use as wound dressing, edible films for food
packaging or in cosmetics. The algae used in this work
besides being exceptional for plants, have important derma-
tological and nutritional properties [69-71].

Conclusions

The effect of 75CH microcomposites by the addition of 0.5,
1,2 and 10% of A was analyzed in terms of physicochemi-
cal, thermal, mechanical and morphological properties of
films, and, their interaction with water and light. The used
seaweed microparticles, rich in the Alg polymer, displayed
good interactions with the 75CH matrix, produced an
increase on the thermal stability of 75CH and an increase
on the T, of 75CH, indicating that the alga acts limiting the
molecular movement of the polymer chains for its strong
interaction. Incorporation of 10% of A could lead to a more
heterogeneous structure with the formation of aggregates
between alga particles. Low contents of A reduced the
mobility of the polymer chains resulting in a lower MC and
higher T,. No changes were observed in the WS and the
MA of the microcomposites, however, the WVP increased
with the A content probably due to the formation of a more
open structure. The presence of this structure could also be
hypothesized thanks to the decrease in the transparency of
the 75CH films with up to 2% of A. Regarding the mechani-
cal properties, although no differences were found in the
E of the different samples, it was possible to see that the
addition of A produced an increase in the o, and a slight
increase in the g,, which could indicates the formation of
a structure that has a high interaction between its compo-
nents and at the same time is more open, which allows the
mobility of its chains. It is considered that the application
of the developed materials in agricultural still need for fur-
ther improvements while it is not discarded their utility in
another fields of research.
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